Abstract: Based on numerical simulations presented in Part I, we derive predictive empirical equations describing tsunami generation by submarine mass failure ͑SMF͒ that are only valid in the vicinity of the tsunami sources. We give equations for slides and slumps, along with some cautions about their appropriate use. We further discuss results obtained here and in Part I and their practical application to case studies. We show that initial acceleration is the primary parameter describing SMF center of mass motion during tsunami generation. We explain an apparent paradox, raised in Part I, in slump center of mass motion, whereby the distance traveled is proportional to shear strength along the failure plane. We stress that the usefulness of predictive equations depends on the quality of the parameters they rely on. Parameter ranges are discussed in the paper, and we propose a method to estimate slump motion and shear strength and discuss SMF thickness to length values, for case studies. We derive the analytical tools needed to characterize SMF tsunami sources in propagation models. Specifically, we quantify three-dimensional ͑3D͒ effects on tsunami characteristic amplitude, and we propose an analytical method to specify initial 3D tsunami elevations, shortly after tsunami generation, in long wave tsunami propagation models. This corresponds to treating SMF tsunami sources like coseismic displacement tsunami sources. We conduct four case studies of SMF tsunamis and show that our predictive equations can provide rapid rough estimates of overall tsunami observations that might be useful in crisis situations, when time is too short to run propagation models. Thus, for each case, we show that the characteristic tsunami amplitude is a reasonable predictor of maximum runup in actual 3D geometry. We refer to the latter observation as the correspondence principle, which we propose to apply for rapid tsunami hazard assessment, in combination with the predictive tsunami amplitude equations.
Introduction
In the recent past, tsunamis generated by submarine mass failures ͑SMFs͒ have received increased scrutiny in the research community. In particular, they have been the object of a number of laboratory and numerical modeling efforts ͑see Part I͒, which showed that they may represent a significant, and often overlooked, hazard for highly populated coastal communities. ͓Summaries of tsunamis affecting the United States can be found in Lander and Lockridge ͑1989͒, Lander et al. ͑1993͒, and Lander ͑1996͒.͔ In Part I of this work, we reported on detailed two-dimensional ͑2D͒ numerical and experimental analyses of SMF tsunamis. We concentrated on two idealized types of SMFs moving over plane slopes, representing end members for the general range of possible SMF motions: underwater slides, which are translational failures, and slumps, which are rotational failures ͑see Fig. 1 of Part I͒. Specifically, we performed numerical simulations of tsunamis caused by slides and slumps, with a 2D fully nonlinear potential flow model ͑FNPF͒, and we experimentally validated results for slides. In the simulations, the SMFs were assumed to have a simple Gaussian shape, having the same thickness T and volume V ᐉ = BT / 4, as a semiellipse of length B, by way of an adjustable spreading coefficient ͓0,1͔. SMF kinematics were obtained by expressing a dynamic balance of inertia, gravity, buoyancy, friction, and hydrodynamic forces, for the SMF center of mass motion. This led to the definition of characteristic distance S o and time t o of motion, for both slides and slumps, themselves functions of governing geometric parameters ͑B , T , d , ͒, where d denotes the initial SMF submergence depth and the slope angle ͑Fig. 1, Part I͒, water density w , SMF density ᐉ , and added mass coefficient C m . For slides, friction forces are mostly due to hydrodynamic drag, represented by the drag coefficient C d and, for slumps, to basal friction, represented by the Coulomb coefficient C n . The circular slump motion is further defined by a radius R and ͑a small͒ maximum angular displacement ⌬⌽. In numerical simulations, the intensity of tsunami generation was represented by a characteristic amplitude o , defined as the maximum depression of the free surface above the initial location of minimum submergence of the SMF ͑at x = x g ; Fig. 1 , Part I͒.
In Part I, the 2D-FNPF model was used to assess shape spreading effects, and it was observed that the largest intial tsunami amplitudes o were created for the most compact SMFs, i.e., those with → 1, making the SMF shape closest to semielliptical. Hence, although these are not realistic shapes, semielliptical SMFs ͓such as used in the original simulations by Grilli and Watts ͑1999͔͒ appear to yield worst case scenarios and will be used in the analyses and simulations herein to derive predictive equations for the maximum characteristic tsunami amplitude of slides and slumps. ͑Therefore, with reference to definitions introduced in Part I, we will have b = B for all cases.͒ We are aware of only three previous predictive tsunami amplitude equations with either sloping inclines or accelerating landslides. One of two semiempirical equations proposed by Striem and Miloh ͑1976͒ is reproduced by Murty ͑1979͒. The theoretical equation of Pelinovsky and Poplavsky ͑1996͒ was shown to produce reasonable tsunami amplitude predictions by Watts ͑2000͒. Last of all, the works of Watts ͑1999͒ and Goldfinger et al. ͑2000͒ provide predictive equations that are precursors to the work presented here.
The utility of our predictive equations for rapid tsunami hazard assessment will be illustrated by applying them to a few case studies. In these, we use marine geology interpretations to estimate values of governing parameters. In some cases, we also demonstrate that the predictive equations can assist marine geology interpretations, when these are incomplete. In Part I, for instance, assuming a realsitic slump maximum displacement 2S o , we showed considerable differences in the features of tsunamis generated by underwater slides or slumps. The choice between frictionless, translational slides and cohesive, rotational slumps requires a local geological context. For example, marine cruises and marine geology analyses have been essential for identifying the source of the 1998 Papua New Guinea tsunami as a slump instead of a slide and for gradually refining the proposed tsunami scenario ͑Tappin et al. 1999, 2001, 2002, 2003͒. In the paper, we first derive predictive equations for slide and slump characteristic tsunami amplitudes. Then, we further discuss key parameters affecting SMF tsunami generation: initial acceleration, shear strength in relation to slump center of mass motion, and thickness to length values and other geometrical parameters needed for case studies. We then complete the analytical tools needed to characterize SMF tsunami sources; we quantify threedimensional ͑3D͒ effects on tsunami characteristic amplitude, and we propose an analytical method to specify initial 3D tsunami elevations. Finally, we conduct four case studies and, based on these, we propose the correspondence principle as a tool for rapid tsunami hazard assessment.
Predictive Equations for Tsunami Amplitude

Tsunami Amplitude Fitting Procedure
We construct predictive equations for 2D characteristic tsunami amplitude based on curve fitting results of numerical simulations, using the 2D-FNPF model and the methodology detailed in Part I. We perform 32 underwater slide ͑Table 1͒ and 12 underwater slump numerical simulations ͑Table 2͒, covering a wide range of governing parameter values. We detail hereafter the derivation of the predictive equation for underwater slides, because these involve fewer independent quantities; the equation for slumps is obtained in the same manner.
As in Part I, we select the maximum depression above the initial mass failure location at x = x g , as the characteristic tsunami amplitude o for which predictive curve fits are constructed ͑see Fig. 1 , Part I͒. In the numerical simulations for slides, we assume no deformation and use the same constant dynamical coefficients as in Part I, i.e., C m =1, C d = 1, and C n = 0. Due to the strong correlation observed in Part I between landslide motion and tsunami amplitude, we first define o as proportional to the characteristic distance S o , projected vertically. Then, we express the remaining dependence of o on the governing parameters 
In the curve fits, we assume that the unknown functions G , H, and I take unit values for the reference thickness, depth, and density, respectively. Hence, the tsunami amplitude corresponding to the reference values of all of the parameters but is ref = ͑S o sin ͒F͕sin ͖. The functions in Eq. ͑1͒ can thus be independently obtained by curve fitting numerical results for various combinations of reference values of the parameters. This is detailed in the next section.
Prediction of 2D Tsunami Amplitude above Slides or Slumps
For slides, function F in Eq. ͑1͒ is found by curve fitting simulations made for different slope angles ͓5,30͔°, with Table 1͒ . Results are given in Fig. 1͑a͒ , and we see that F linearly increases with decreasing slope angle, perhaps due to increased tsunami generation efficiency for nearly horizontal landslides. If the separable form proposed for Eq. ͑1͒ is truly valid, then F's functional relationship is unique and universal over the parameter range studied. Results similarly obtained for functions G , H, and I are shown in Fig.  1͑b͒ Table 1͒ . We see that tsunami amplitudes are nearly proportional to landslide thickness. Finally, the amplitude dependence to slide density is found by curve fitting results for 9 more cases with slope angles as previously, while satisfying , 3, 6, 27-32 in Table 1͒ . The determination coefficient R 2 of all the curve fits in Figs. 1͑a and b͒ is very close to unity, which, given the wide range of parameters involved in simulations, is a posteriori validation of the functional form of Eq. ͑1͒.
Using the results of Figs. 1͑a and b͒, we express the predictive equation of numerical results in Table 1 for slides in the form of Eq. ͑1͒, round off the value of some coefficients ͑namely, 1 and −1.25 for the thickness and depth exponents, respectively͒, and perform a final curve fit of coefficients of function F. We find
where S o defines the slide motion in Eq. ͑12͒, Part I. ͓Note that we employ the subscript "2D" to indicate that our curve fits only apply to underwater landslides that satisfy the 2D criteria discussed in Part I.͔ Fig. 1͑c͒ shows a comparison of simulated tsunami amplitudes in Table 1 Table 1 . This is similar to Green's law, which applies to tsunami runup along an inclined plane. By way of contrast, Pelinovsky and Poplavsky ͑1996͒ found an exponent of −1 for tsunami generation in a constant depth channel. It appears that the similar geometries between tsunami generation and tsunami runup on a sloping incline result in similar scaling with depth. The power of 1 for T / b indicates that tsunami amplitude also scales with nondimensional slide volume,
We introduce the definition of S o from Eqs. ͑13͒-͑15͒ in Part I into Eq. ͑2͒, with ␥ = 1.85, to obtain
͑3͒
where the maximum thickness provides the necessary dimension of length. When the volume per unit width of the slide is divided out of Eq. ͑3͒, we find that the tsunami amplitude is a strong function of slope angle, a mild function of slide length, and a strong function of initial submergence. We conclude that under- 
where S o defines the slump motion in Eq. ͑19͒, Part I. Eq. ͑4͒ has an accuracy of ±2.2% at one standard deviation. The last term in Eq. ͑4͒ is unity when the specific density matches the reference value. The range of validity of Eq. ͑4͒, based on the data in Table  1 , is ͓10,30͔°, d / b͓0.34,0.5͔, T / b͓0.10,0.15͔, R / b=͓1,2͔, ⌬⌽=͓0.1,0.52͔, and ␥͓1.46,2.93͔. The tsunami amplitude depth dependence in Eq. ͑4͒ takes the same form as for slides in Eq. ͑2͒. Hence, owing to the close similarity observed in Part I for the generation of tsunamis by slumps and slides of identical geometry and initial motion, it can safely be inferred that the validity of Eq. ͑4͒ can be extended down to d / b = 0.06. The same conclusion applies to the effect of slump thickness, which also takes the same form as for slides; hence, we can assume T / b Ͻ 0.2 applies. The power −0.63 for R / b is accurate to within about ±0.039, with R 2 = 0.999. The power −1 for sin is accurate to within about ±0.077, with R 2 = 0.998. It appears that another functional form could be more accurate for these last two curve fits, but we favor simplicity. The power 0.39 for ⌬⌽ is accurate to within ±0.005, with R 2 = 0.999. We introduce the definition of S o from Eqs. ͑17͒-͑20͒ in Part I into Eq. ͑4͒ with ␥ = 1.85, to obtain
͑5͒
When the volume per unit width of the slump is divided out of Eq. ͑5͒, we find that the tsunami amplitude is a mild function of incline angle, a mild function of slump length, a mild function of radius of curvature, a strong function of initial submergence, and a strong function of angular displacement. We conclude that slump tsunami amplitude is primarily a function of SMF volume, initial submergence, and angular displacement.
Appropriate Use of Amplitude Curve Fits
The analytical curve fits given here have an accuracy that is measured against results of numerical experiments. They are valid within the ranges of parameters mentioned earlier, but there is no guarantee as to their accuracy for other SMF geometries or motions, which may form the large majority of real events. Specific cautionary notes need to be listed.
First of all, a 2D geometry limits applications to wide SMFs that satisfy Eq. ͑23͒ in Part I, and our choice of characteristic tsunami amplitude applies only above the SMF, without consideration of propagation effects. We develop a correction for 3D geometries later in this work.
Second, the curve fits imply significant interpolation. In the cases of slope angle and mass failure thickness, most realistic scenarios are covered here and interpolation to zero inclination ͑ → 0͒ or thickness ͑T / b → 0͒ is considered highly accurate. On the other hand, the lower bound on submergence d / b Ͼ 0.06 is needed to avoid wave breaking and other nonlinear phenomena that were not simulated ͑Watts 1998͒. While the limit of vanishing d / b diverges and may introduce inaccuracies, the opposite limit of large d / b can be considered accurate.
Last of all, we suggest that all applications of the curve fits be made with estimates of the errors in landslide geometry and motion tailored to each case study. Repeated application of the curve fits with different inputs ͑or taking partial derivatives of the amplitude equations͒ will then yield expected errors in the tsunami features. Hence, the confidence levels can be found for the results.
Practical Developments
In Part I and in the preceding predictive equations, we saw that tsunami generation requires several parameters that specify SMF shape and motion. These parameters are not necessarily available for any particular case study, and they will often not be available prior to or immediately following a tsunami event. To be able to carry out order of magnitude estimates of SMF tsunami amplitude and wavelength, in the absence of accurate parameter values, we derive general scaling relations, or constraints, on parameters' expected ranges of variation in a field situation. 
The Role of Initial Acceleration
In Part I, we presented underwater ͑rigid͒ slides and slumps as two end members in the range of possible SMF motion and treated them as distinct geological phenomena. For the assumed idealized geometry, we found that the first term in the Taylor series expansion of center of mass position about t =0 is S͑t͒Ӎa o t 2 / 2, for both underwater slides and slumps. The second terms in the series have values of 16% for slides and 8% for slumps relative to the first term, respectively, when evaluated at t = t o . We thus find that the slide and slump center of mass motion during t Ͻ t o is essentially governed by the initial acceleration a o . ͑This is further illustrated in Fig. 9 of Part I.͒ Given that
2 in both cases, we can approximate these "accelerational" motions as S͑t͒ӍS o ͑t / t o ͒ 2 / 2, up until around t Ӎ t o , at which time S͑t o ͒Ӎ0.5S o ͑see Fig. 9 , Part I͒.
Simulations of tsunami generation in Part I indicate that the generation of the maximum initial surface depression around x = x g takes place during times t Ͻ t o ͓e.g., see Fig. 12͑a͒ , Part I͔. Beyond this time, the initial surface depression essentially "rebounds" and propagates both onshore and offshore. This implies that the salient motion experienced during tsunami generation is the center of mass acceleration, which can be described accurately by the initial acceleration. These observations justify using 0.5S o and t o as the approximate distance and duration of acceleration, respectively, for slides and slumps.
Watts ͑2000͒ proposed an approximate solution for the 2D free surface response to landslide acceleration at early times t ϳ 0 in the form ͑t͒Ӎ−͑ka o t 2 sin ͒ / 2, where k represents the contribution of SMF geometry to the tsunami amplitude ͑viz., d / b , , T / b, …͒. ͑Note that this asymptotic approximation breaks down by growing indefinitely in time.͒ After completion of the main tsunami generation at t Ӎ t 0 , this approximation yields a 2D characteristic tsunami amplitude, o,2D Ӎ 0.5kS o sin , in agreement with the idea that tsunami amplitude is proportional to vertical SMF displacement ͑Striem and Miloh 1976 ; Murty 1979; Watts 1998 . Our simulations in Part I and predictive Eqs. ͑2͒ and ͑4͒ indicate that k = 0.005-0.030 over the range of underwater slides studied, and k = 0.02-0.30 over the range of underwater slumps studied. These results show that underwater slumps are one order of magnitude more efficient at tsunami generation relative to underwater slides when normalized by their characteristic distance of motion.
Shear Strength and Slump Center of Mass Motion
Slump center of mass motion involves a radius of curvature R that can be difficult to reconstruct from bathymetric data, when it exists, or difficult to measure from seismic reflection data. As a first approximation, we can estimate R by assuming the failure surface is a parabolic arc of chord b and maximum depth T ͑as defined in Fig. 1 , Part I͒. Solving analytically for the radius of curvature yields
Based on Eqs. ͑17͒ and ͑20͒ in Part I, the angular displacement ⌬ of slumps can be found from either: ͑1͒ the linear distance 2S o = R⌬⌽ traveled by the slump ͑given R or its aforementioned approximation͒; or ͑2͒ an estimate of the mean shear strength along the slump failure plane S u ͑note that this "characteristic" mean shear strength is both a spatial and a temporal average over the failure plane during the entire slump motion͒. In the latter case, shear strength can be expressed according to the compiled data in Bardet ͑1997͒ for normally consolidated marine sediments as
where =local depth of the failure plane. Assuming a small thickness to length ratio T / b Ӷ 1, and averaging Eq. ͑7͒ along the failure plane, we find the characteristic shear strength
Comparing Eqs. ͑7͒ and ͑8͒, we see that the peak shear strength ͑for = T͒ along the failure arc is approximately 60% larger than the mean shear strength. Substituting Eq. ͑8͒ into Eqs. ͑17͒ and ͑20͒ from Part I ͑with b = B͒ yields ⌬⌽ = 0.48 radians, or about 27°for a typical slump. This result eliminates the paradox mentioned in Part I; larger shear strengths do not increase the distance of slump motion as one might conclude from rapid inspection of Eqs. ͑17͒ and ͑20͒. Instead, slump motion and shear strength share the same scaling ϳ͑ ᐉ − w ͒gT with respect to the force of gravity.
We will show that R Ӎ b can usually be assumed. It follows that a typical slump travels roughly 50% of its length. If the shear strength Eq. ͑8͒ were uniformly valid, then all slumps would travel this fraction of their length and have the same angular displacement. Eq. ͑8͒, however, cannot be used to describe slump motion whenever the slump headwall coincides with a tectonic fault. In such cases, failure may be induced by a temporary burst of pressurized water within the control fault that reaches the prospective failure plane, pushing the sediment apart ͑Sibson 1981; Tappin et al. 2001 Tappin et al. , 2002 Martel 2004͒ . When this happens, the mean shear strength S u , and hence the angular displacement, can be expected to be considerably less than the value indicated by Eq. ͑8͒, because the slump should otherwise not have failed in the absence of the presumably short duration water pressure. Local variations in sediment composition can also vary the shear strength coefficient in Eq. ͑8͒ by at least a factor of two, as can remolding of sediment along the failure plane during slump motion ͑Bardet 1997͒. Therefore, the actual angular displacement ⌬⌽ of a slump can in fact provide a measure of the departure of the characteristic shear strength from Eq. ͑8͒.
SMF Thickness to Length Ratio
The approximate location for a SMF tsunami can often be inferred from nearshore observations, such as local runup maxima and/or time of arrival ͑Tappin et al. 1999, 2001͒. Occasionally, underwater cable breaks, hydrophone records, or eyewitness observations provide direct evidence of mass failure ͑Bjerrum 1971; Murty 1979; Kulikov et al. 1996 ; Caplan-Auerbach 2001͒. SMF dimensions, however, are not usually available immediately following a tsunami event. Hence, for rapid hazard assessment, these dimensions must be estimated.
The initial SMF length b and mean depth d can usually be found from the bathymetry around the approximate SMF location, and can sometimes be corroborated from tsunami period or wavelength information. A typical SMF thickness T can be estimated from the geometry of documented underwater slides and slumps, because these appear to have relatively consistent proportions. From surveys of SMF morphology, underwater slides typically exhibit maximum thickness to initial length ratios T / b of 0.5-2%; in contrast, underwater slumps often involve deep failure with maximum T / b of 5-15% ͑Prior and Coleman 1979; Edgers and Karlsrud 1982; Schwab et al. 1993; Turner and Schuster 1996; McAdoo and Watts 2004; Hutton and Syvitski 2004; Tappin et al. 2003; von Huene et al. 2004͒ . Hence, if a slide is the suspected source of a tsunami, then a thickness T Ӎ 0.01b should be within about a factor of two. On the other hand, if a cohesive slump is the suspected source, then a typical thickness T Ӎ 0.1b can be expected again within a factor of two. For a slump, this thickness yields a typical radius of curvature R Ӎ 1.25b ͓Eq. ͑6͔͒; in general, the radius of curvature is 1-2 times the slump length.
In Eqs. ͑3͒ and ͑5͒, tsunami amplitudes are predicted to be proportional to T. Hence, the use of the preceding approximate thickness values may introduce errors of 100% ͑or a factor of two͒ on the predicted characteristic tsunami amplitudes. The choice between a slide or slump, however, alters the tsunami amplitude by an order of magnitude ͑or a factor of ten͒. The geological choice between slide or slump therefore appears to be much more important than the precise SMF geometry. Schwab et al. ͑1993͒ estimate that nearly half of all SMF off the continental United States appear to satisfy translational sliding, while the other half appear to satisfy rotational slumping. The distinction is best made from local geological and sedimentary considerations whenever such data is available. Nevertheless, observed tsunami features can sometimes provide sufficient information with which to choose one SMF model over another, as we shall see subsequently in our case studies.
Analytical Tools
These refer to methods by which we approximately describe the generation of 3D SMF tsunamis, based on a few simple geometrical and geological parameters, and construct SMF tsunami sources that can be used for rapid hazard assessment or as initial conditions in standard tsunami propagation models.
Up until now, our tsunami amplitudes have been based on simulation results of 2D SMFs. However, the 2D criteria established in Part I may only be met by less than half of all tsunamigenic SMFs; hence, 3D effects must be evaluated. In the following, we introduce a correction for such effects of SMF width on the 2D tsunami amplitudes predicted by Eqs. ͑2͒-͑5͒, and we present an analytical formulation of 3D SMF tsunami sources.
The Effect of SMF Width
For landslides of finite width w, tsunami propagation in the third spatial dimension ͑transverse͒ during tsunami generation will reduce the 2D tsunami amplitude. This effect can only be precisely calculated by performing 3D simulation of SMF tsunami generation ͑e.g., Vogelman 2001; Grilli et al. 2002͒ . In this paper, we aim at only approximately estimating 3D propagation effects through doing a simple mass balance.
Let an underwater landslide have a parabolic transverse profile. In the absence of transverse wave propagation and with a uniform landslide length, the tsunami width would also be w and its transverse profile would also be parabolic. During the times of tsunami generation t Ͻ t o , the tsunami width will increase to approximately w + o , due to transverse propagation, where o ϭcharacteristic wavelength given by Eq. ͑9͒, Part I. The shape of the transverse wave along y can be assumed solitary-like or ϳsech 2 ͕y / ͑w + o ͖͒, with a maximum at y = 0 and exponentially decreasing leading edges as y becomes large. Coefficient can be chosen to reduce the wave amplitude to a specified percentage of its maximum amplitude at the transverse distance y = w + o ͑for example, = 3 reduces the amplitude to 1%͒. The characteristic 3D tsunami camplitude o,3D can be expressed from conservation of mass ͑or cross-sectional tsunami area͒, as in the scaling work of Hammack ͑1973͒ and Watts ͑1998͒
The meaning of the 2D criteria in Eq. ͑23͒, Part I, is now clearer: As the failure width w becomes much larger than o , the characteristic tsunami amplitude becomes unaffected by transverse propagation, i.e., 3D effects. On the other hand, as the failure width drops much below o , the characteristic tsunami amplitude can be reduced by an order of magnitude or more.
Underwater slides and slumps differ substantially in their widths. Data reported ͑Schwab et al. 1993; McAdoo et al. 2000; Hutton and Syvitski 2004; Tappin et al. 2001; von Huene et al. 2004͒ show that underwater slides are often narrow compared to their length, with typical width w Ӎ 0.25b; underwater slumps are wider with typically a width that is comparable to their length, such that w Ӎ b.
In both cases, the reduction in tsunami amplitude due to finite slide width predicted by Eq. ͑9͒ also depends on characteristic wavelength and thus on water depth. Hence, it cannot be computed in advance. We show this explicitly for a slide. Assuming typical values of the specific density ␥ Ӎ 1.85, Coulomb friction coefficient C n Ӎ 0, added mass coefficient C m Ӎ 1, drag coefficient C d Ӎ 1, and using Eqs. ͑9͒ and ͑12͒-͑15͒ from Part I, with w = 0.25b, Eq. ͑9͒ yields
where the latter ͑geometrical series͒ approximation follows from the necessity to keep d / ͑b sin ͒ Ͼ 0.5 and thus avoid part of the slide from becoming subaerial ͑see Fig. 1 , Part I͒. Repeating the same process for underwater slumps, we assume a typical value ⌬⌽ Ӎ 0.48 and proceed to substitute Eqs. ͑9͒ and ͑17͒-͑20͒ from Part I, as well as the typical values of R , T, and w discussed earlier into Eq. ͑9͒, to obtain a similar expression
that does not depend on the slope angle. There is no general simplification of Eq. ͑11͒ possible, because one can expect underwater slumps with d Ӎ 0.24b, the radius of convergence for the geometric series, that would prevent an accurate series expansion.
Simplified 3D Characteristic Amplitude Equations
In the absence of detailed information on SMF shape, an estimate of 3D characteristic tsunami amplitude in an order of magnitude sense remains possible by further simplifying the predictive tsunami amplitude equations. Thus, for an underwater slide, we substitute T Ӎ 0.01b and Eq. ͑3͒ into Eq. ͑10͒ to obtain 
͑12͒
As would be expected, we find that the characteristic tsunami amplitude reduces to a function of b , d, and . The constraints to Eq. ͑12͒ are Ͻ30°, and d / b Ͼ 0.06. ͓Note that this equation involves the ratio of vertical extent of the slide to the local water depth, in a way very similar to an expression found by Watts ͑1998͒ for laboratory experiments.͔ For underwater slumps, we substitute ⌬⌽ Ӎ 0.48, the typical R Ӎ 1.25b and T Ӎ 0.1b values, and Eq. ͑5͒ into Eq. ͑11͒ to find o,3D Ӎ 2.56 10 −3 b͑sin ͒ 0.25
͑13͒
which is also a function solely of b , d, and . The constraints to Eq. ͑13͒ are also Ͻ30°and d / b Ͼ 0.06. Turner and Schuster ͑1996͒ show that it is reasonable, as a first approximation, to assume that mass failure occurs along the entire slope in question, an assumption that completely constrains the independent quantities b , d , and allows for a rapid initial assessment of SMF tsunami hazard along any given slope, using equations such as Eqs. ͑12͒ or ͑13͒. Note, as mentioned earlier, that underwater slumps require particular attention if the angular displacement is much less than the typical value used here, as this significantly reduces tsunami amplitude.
Approximate Initial 3D Tsunami Source
Surface elevations and kinematics for 3D SMF tsunamis have been calculated, e.g., by Grilli et al. ͑2002͒ and Enet et al. ͑2003͒, using a 3D fully nonlinear potential flow model. For rapid tsunami hazard assessment, however, an approximate 3D SMF tsunami source can be derived around t = t o from the characteristic tsunami amplitude o,3D , obtained from Eqs. ͑12͒ and ͑13͒, and characteristic wavelength o ͓Eq. ͑9͒, Part I͔, which both can be predicted as a function of simple geometrical and material parameters of the SMF. This is particularly true when simulated 2D surface elevations, such as in Fig. 11 , Part I, can be combined with these characteristic values and, as discussed earlier, a lateral solitary-like spreading assumed. When such 2D profiles are not available, an initial analytical tsunami surface elevation can still be assumed that provides similar features as seen in 2D simulation results ͓such as in Fig. 11͑a͒ , Part I͔. This is achieved using a double Gaussian function of x and a solitary-like variation in the y direction, centered at an initial SMF location
where Ӎ 3 may be assumed ͓see Vogelmann ͑2001͒ for additional information͔, and x o − ⌬x Ӎ x g . Both Ј and ⌬x are parameters controlling the double Gaussian shape, for given x o and o values ͑Fig. 2 shows a few examples of shapes obtained for y = y o ͒, and min denotes the minimum of the function on the right-hand side of Eq. ͑14͒ ͑excluding the amplitude͒, which is a complicated function of Ј and ⌬x. By varying these parameters, one can adjust the ratio max / min and the distance between the two extrema in the double Gaussian function, for instance, to match some of the computed 2D elevations in Fig. 11͑a͒ , Part I. The sech 2 function in Eq. ͑14͒ provides the lateral y variation. Fig. 3 gives an example of the 3D surface elevation, obtained for the first 2D case in Fig. 2 , which shares many qualitative features with 3D SMF tsunami sources such as, e.g., simulated by Grilli and Watts ͑2001͒ or Grilli et al. ͑2002͒. Such a surface elevation can be imported in long wave models and used as an initial condition to study tsunami propagation and inundation ͓see, e.g., Watts et al. ͑2003b͒ for details͔.
Assuming that around t = t o , most of the tsunami energy is potential energy, it is also reasonable, as a first approximation for rapid hazard assessment, to assume zero initial water velocities for the initial wave condition represented by Eq. ͑14͒ ͓see Watts et al. ͑2003b͒ for additional discussions of this hypothesis͔.
SMF Tsunami Case Studies
Case studies are presented here to illustrate how our predictive equations can provide rapid SMF tsunami hazard assessment, in an order of magnitude sense, without need for running detailed numerical simulations of tsunami generation, propagation, and inundation. In contrast, Watts et al. ͑2003b͒ performed such detailed numerical simulations for some of the case studies presented here, in order to compare results with detailed field surveys and/or eyewitness observations, which is an entirely different purpose.
For background information relative to most of the following case studies, the reader will be referred to other, more specific publications.
The 1998 Papua New Guinea Tsunami
Good descriptions of marine surveys, seismic records, and eyewitness accounts have been presented for this event, which occurred in July 1998 off Papua New Guinea ͑Synolakis et al. 2002; Tappin et al. 1999 Tappin et al. , 2001 Tappin et al. , 2002 . The tsunami elevation, time of arrival, and longshore distribution of the more than 10 m wave͑s͒ that struck Sissano Lagoon are all consistent with an underwater slump occurring around 12 min after a ͑fairly small͒ main shock of moment magnitude M w Ӎ 7. Seismic reflection surveys by Tappin yielding a potential energy release of around 2.2ϫ 10 16 J ͑assum-ing a typical specific density of marine sediment ␥ = 1.85͒, which corresponds to a moment magnitude M w = 7.7 earthquake, if all the potential energy were to go into a single elastic rupture.
To apply our predictive amplitude equation, we first estimate R Ӎ 3.33 km from Eq. ͑6͒, which agrees reasonably well with the seismic reflection data of Tappin et al. ͑2003͒. Second, we find an angular displacement ⌬⌽ =2S o / R = 0.23 radians. The latter is at least two times less than expected for a continental margin covered by stiff clay, which may suggest the temporary involvement of a spike in water pressure within existing faults that triggered the slump. The slump width may extend up to 7 km according to seismic data, but we use the typical value w = b = 4.5 km in our calculation, in order to remain conservative pending a more certain interpretation. The initial depth at the middle of the slump is around d = 1.2 km, and the mean bottom slope near the slump is around = 12°.
Applying Eqs. ͑17͒ and ͑20͒ in Part I, we calculate an initial acceleration a o = 0.34 m / s 2 , a maximum velocity u max = 11.4 m / s, a characteristic distance of motion S o = 383 m, and a characteristic time of motion t o = 34 s. Using the latter, Eq. ͑9͒ in Part I yields a characteristic wavelength o = 3.7 km. For the local water depth d, the tsunami propagates as intermediate depth water waves.
As far as the applicability of our tsunami amplitude, Eq. ͑4͒, the ratio d / b = 0.27 is sufficiently large as to yield accurate results, yet sufficiently small as to suggest weakly nonlinear tsunami generation ͑Watts 1998͒. The value of R / b = 0.74 is less than unity, but this small extrapolation outside of the simulated range will lead to little error, given the small power of this ratio governing tsunami generation in the equation. All other tsunami generation parameters being within the expected ranges for the curve fit to apply, we find o,2D = 20.3 m. Eq. ͑9͒ provides the 3D tsunami amplitude correction factor w / ͑w + o ͒ = 0.55, and we find the 3D characteristic tsunami amplitude ͑depression͒ above the slump as o,3D = 11.2 m. This value is quite similar to the maximum runup above sea level measured between 10 and 15 m in front of Sissano Lagoon ͑Kawata et al. 1999͒. By way of comparison, we find a characteristic tsunami amplitude o,3D = 18.1 m from the less accurate Eq. ͑13͒. The Ursell parameter U = o,3D o 2 / h 3 = 0.0024 indicates linear, dispersive wave propagation in an open ocean with h =4 km ͑Watts 2000͒. Our analyses therefore yield general wave features that are entirely consistent with observations and support the consensus in the scientific community that this catastrophic tsunami can be attributed to a single SMF. These simple predictions were confirmed by the detailed numerical simulations of Watts et al. ͑2003b͒, who calculated both earthquake tsunami and slump tsunami scenarios.
Solving for the mean shear strength from Eq. ͑17͒ of Part I gives S u = 587 KPa over the entire failure surface. This shear stress is about two times less than the characteristic value S u = 1.23 MPa found from Eq. ͑8͒, despite the slump occurring in stiff clay, which implies that failure should not have occurred at all. The fact that failure did occur suggests that ground motion was not directly responsible for the slump, especially since failure occurred 12 min after the main shock. The presence of stiff clay also rules out significant pore fluid diffusion over such a relatively short time scale. Tappin et al. ͑2001͒ proposed that the mass failure was the result of a pressurized pulse of water, caused by the earthquake, transmitted through a control fault located along the headwall of the slump. The 1994 Skagway, Alaska Tsunami
On November 3, 1994, about 30 min after lower low tide, 3-10 ϫ 10 6 m 3 of loose alluvial sediment slid down the fjord, at various locations within Taiya inlet, causing a tsunami that destroyed most of a railway dock and claimed the life of one construction worker. Estimates of maximum tsunami elevation above sea level range from 3 m at the ore dock to 11 m at the ferry dock ͑Camp-bell 1995; Kulikov et al. 1996; Thomson et al. 2001͒ . No seismic activity was recorded in the Skagway region. The landslides may have been triggered by a number of factors, including an exceptional low tide, recent rip-rap overburden and pile removal operations at the railway dock, artesian water flow through the adjacent mountain, and recent sedimentation from the Skagway river.
The silty glacial sediments found around Skagway lose almost all of their shear strength when acted on by modest strains or shear waves. Therefore, we expect these to fail as underwater slides with no significant basal friction during failure ͑C n Ӎ 0͒. A complicated patchwork of interconnected landslides can result from the undercutting of slopes or from retrogressive failures. To carry out a rapid case study with our predictive equations, we consider the tsunami amplitudes produced by three plausible underwater slides in isolation, whose characteristics emerge from various published references: slide A along the front of the Skagway river delta, slide B southwest of the railway dock, and slide C at the railway dock ͓see Fig. 4 and Watts et al. ͑2003b͒ for details͔. One possible mechanism is that retrogressive failure from either slide A or B led up the fjord floor to slide C ͑Camp-bell 1995; Plafker et al. 2000͒ . Table 3 provides approximate parameters for the selected slides and calculated kinematics, tsunami amplitude, and length, using Eqs. ͑9͒ and ͑13͒-͑15͒ from Part I, as well as Eqs. ͑3͒ and ͑9͒ given previously.
The tsunami amplitudes in Table 3 enable a rapid relative as- sessment of tsunami generation by each one of the three slides considered separately. These indicate that the majority of wave generation may be due to the shallower slide C, which yields a characteristic tsunami amplitude o,3D = 5.9 m, close to the 9 m elevation estimated from eyewitness accounts, of vertical motion of a barge moored next to the remaining portion of the railway dock. Watts et al. ͑2003b͒ performed detailed numerical simulations of this event that confirm the more important role played by slide C in explaining observations and show a direct correspondence between the characteristic tsunami amplitude of slide C calculated here and maximum runup simulated or observed along the shoreline. Thus, the use of simple predictive equations essentially leads to identical general conclusions as in Watts et al. ͑2003b͒ , without need for running numerical simulations of the Skagway tsunami event.
The 1999 Gökaan et al. 2001͒ . Several different sources of potential tsunami generation within Izmit Bay were suggested; including a subsiding block bounded by normal faults near the middle of a basin and strike-slip faults that can serve as control faults for SMF near the northern and southern shorelines. Given the magnitude of the main shock, it is reasonable to assume that all of these tsunami generation mechanisms occurred at the same time. Eyewitness observations appear to validate this conjecture by reporting observed leading depression waves along both the northern and southern shores of Izmit Bay, almost immediately after the main shock, which suggests that SMFs occurred near both shorelines ͑Yalçiner et al. 1999͒.
Pending more definite answers, we conjecture that shoreline subsidence and other observations reported at the town of Degirmendere may be direct evidence of an underwater slump that generated a local tsunami; a strike-slip control fault runs along the shoreline of the town, where significant parts of the waterfront subsided up to 20 m and experienced immediate tsunami attack of at least 2.5 m above sea level, and the captain of a fishing vessel also reported his boat being lifted at least 10 m further offshore while riding the crest of the tsunami almost immediately after the main shock. We will estimate shape parameters for this alleged slump from available observations and use our predictive equations to infer a likely tsunami wave elevation.
Adopting a common rule of thumb, we assume that slumping extended from the headwall near the shoreline down to the toe of the slope ͑Turner and Schuster 1996͒. From bathymetry data for Izmit Bay, we find a slope length b = 5 km, a mean slope angle = 5°, and a mean initial submergence d = 0.5b sin = 218 m, off Degirmendere. Based on our preceding considerations, we assume a typical slump thickness T Ӎ 0.1b = 500 m and a typical slump width w Ӎ b = 5 km, where the assumed slump headwall is only exposed along the part of the waterfront extending into Izmit Bay, the rest being submerged offshore and out of sight. Vertical subsidence of 20 m suggests a distance of slump motion of approximately 2S o Ӎ 230 m, from the sine of slope inclination. With a radius of curvature R Ӎ 6.3 km from Eq. ͑6͒, we calculate a small angular displacement of ⌬⌽ = 0.036 radians ͑which may be indicative of strong ground motion near the epicenter of the earthquake forcing slump motion, rather than weak sediment or pressurized water͒.
We assume a specific density of ␥ = 1.85 and obtain an initial acceleration a o = 0.053 m / s 2 , a maximum velocity u max =2.4 m/s, and a characteristic time of motion t o =47 s ͑see Part I͒. This characteristic time of motion corresponds roughly to the duration of sea withdrawal observed immediately following the earthquake. Applying Eq. ͑5͒, we find the 2D characteristic tsunami amplitude o,2D = 9.6 m. The characteristic wavelength is o = 2.2 km, which leads to a 3D tsunami amplitude factor of 0.69 in Eq. ͑9͒, and to o,3D Ӎ 6.8 m ͓note that d / b = 0.044Ͻ 0.06 means this result is slightly extrapolated, and that we cannot use the simplified Eq. ͑13͒ because ⌬⌽ Ӷ 0.48͔.
Because of the large potential errors in most of the independent parameters, this amplitude should be interpreted only in an order of magnitude sense. While much better characterization of any potential slump is needed to refine these calculations, this rapid case study shows that the slump hypothesis is consistent with the available observations at Izmit Bay and may be worthy of further study ͑particularly of more extensive marine geology surveys͒.
The 1946 Unimak, Alaska Tsunami
The April 1, 1946, earthquake near Unimak Island, Alaska, produced a devastating transoceanic tsunami. Assuming an earthquake source, the large tsunami runup observed at the far distant island of Hawaii required the main shock magnitude to be at least M w =8 ͑Johnson and Satake 1997͒ and the coseismic vertical bottom displacement to reach 20 m ͑Mader and Curtis 1991; Tanioka and Seno 2001͒.
Although clearly triggered by a large earthquake, this event remains controversial for a number of reasons: ͑1͒ such a large coseismic displacement is highly unlikely based on available geological data; ͑2͒ the maximum tsunami runup relative to the earthquake magnitude M w yields the largest departure from known correlations of any tsunami during the 20th century, including the 1998 Papua New Guinea event; ͑3͒ even though there was large local damage as well as transoceanic tsunami damage, there was a very rapid drop in tsunami amplitude away from a straight line leading from Unimak Island to the Marquesas Islands and Antarctica ͑Fryer et al. 2004͒; and ͑4͒ GLORIA sidescan data reveals that an underwater landslide scar exists in the tsunami source region ͑Fryer et al. 2004͒ .
These contradictions and observations strongly suggest SMF tsunami generation ͑Fryer et al. 2004͒. A long seismic rupture can produce far field wave energy directivity perpendicular to the fault strike at the expense of focused near field wave activity. Along its axis of failure, however, a SMF can produce both near field and far field wave energy directivity ͑Iwasaki 1997; Watts 2001͒. Our order of magnitude analyses can help explain the aforementioned tsunami and geological features.
The starting point is the measured tsunami period of 15 min, which can yield SMF parameters along the continental slope from the 100-m-deep shelf down to the 7-km-deep waters of the Aleutian Trench, given a mean slope angle of = 4.3°. We assume an SMF was involved and use the tsunami period as a proxy for characteristic time t o , to invert for either a slide length b Ӎ 40 km from Eqs. ͑13͒-͑15͒ in Part I, or a slump radius of curvature R Ӎ 2,347 km from Eq. ͑20͒ in Part I, both calculations assuming ␥ = 1.85. Clearly, the underwater slide hypothesis is the more reasonable of these two end members, and one could even say that the huge radius of curvature is suggesting an underwater slide by approaching infinity. The slide hypothesis agrees with the key geological fact that much of the continental shelf should be covered by glacial till that fails as long slides along weak layers ͑Hutton and Syvitski 2004͒. More important, we find that the slide length, with a characteristic slide thickness T Ӎ 0.01b = 400 m, is consistent with bathymetric and backscatter data ͑Fryer et al. 2004͒ . This same data suggests a slide width w Ӎ 25 km, slightly larger than the typical width but still realistic. Therefore, an existing underwater slide scar can account for the observed tsunami period, but we need to see if it can also account for tsunami amplitude. We note that the failure area for this slide is limited to the upper trench slope; a broad terrace at 4 km depth has not been disrupted by the slide, though slide debris is probably scattered across it.
We calculate an initial acceleration a o = 0.22 m / s 2 , a ͑theoret-ical͒ terminal velocity u t Ӎ 199 m / s, and a characteristic distance of motion S o Ӎ 179 km. Assuming that the headwall intersects the continental shelf at h = 100 m ͑Fryer et al. 2004͒, we find a mean initial depth d = 1.6 km for the slide. The characteristic wavelength is 0 Ӎ 113 km-such a long tsunami would propagate as shallow water waves across the Pacific Basin-which leads to a 3D tsunami amplitude factor of 0.18 in Eq. ͑9͒. Using Eq. ͑3͒, the characteristic tsunami amplitude above the slide is o,3D Ӎ 32 m, where the ratio d / b = 0.04Ͻ 0.06 involves some extrapolation ͓by comparison, the simplified Eq. ͑12͒ yields 0,3D Ӎ 17 m͔. This characteristic tsunami amplitude is similar to the more than 35 m runup that led to the destruction of the lighthouse at Scotch Cap, on Unimak, which is more or less in line with the slide axis of failure. The characteristic tsunami wavelength on the shelf 0 ͱ h / d Ӎ 28 km and the Ursell parameter U Ӎ 25,000 indicate nonlinear shallow water waves. Based on this order of magnitude case study, we therefore hypothesize that the Scotch Cap lighthouse was attacked by a bore traversing the continental shelf. This hypothesis was verified in numerical simulations reported by Watts et al. ͑2003b͒ and, in more detail, by Fryer et al. ͑2004͒.
The Correspondence Principle
The analytical and order of magnitude case studies presented herein focused on tsunami generation near the source. For purely 2D situations, an approximate one-on-one correspondence between the characteristic tsunami amplitude at the source and the maximum runup was found in Part I ͓Fig. 13͑b͒, Part I, d / d ref Ͼ 1͔. Watts et al. ͑2003b͒ performed complete numerical simulations for most of the case studies presented here, which included propagation and inundation beyond the source region, and observed a similar correspondance with runup calculated along the nearest shoreline.
In the absence of more accurate predictions, we therefore propose a correspondence principle that states: "The characteristic tsunami amplitude at generation approximates the maximum runup of local tsunamis generated by an SMF." This correspondence arises because, in many cases, wave front spreading during propagation, which reduces tsunami amplitude, is somewhat compensated for by shoaling and refractive focusing during inundation, which rebuild tsunami amplitude. This principle is not intended to replace detailed numerical simulations of tsunami propagation and inundation, especially because it does not indicate where maximum runup will occur. Nevertheless, the ability of this principle to provide a rapid estimate of the local tsunami hazard was demonstrated in the preceding case studies, in which we were able to predict observed runup values in an order of magnitude sense.
Note that a similar correspondence principle exists between vertical coseismic displacement and maximum runup for earthquake tsunamis, with maximum runup typically being twice the vertical coseismic displacement.
Conclusions
Rapid tsunami hazard assessment, in addition to its obvious importance in crisis situations, is useful for interpreting marine geology data to find a tsunami source, for proposing a more careful study of SMF tsunami hazards, for identifying SMF tsunamis from tsunami field data, and for constructing tsunami hazard scenarios, among other applications.
We present simple analytical tools to predict SMF tsunami generation. After developing empirical predictive equations for the characteristic amplitude of tsunamis caused by slides and slump, based on 2D numerical simulations detailed in Part I, we explain the role played by SMF initial acceleration in tsunami generation. We show it is the main descriptor of center of mass motion during tsunami generation and demonstrate the connection between initial acceleration and our scaling analyses. These analyses further indicate that most SMF parameters with the dimension of length can be related to SMF length. We show that SMF width can have an important impact on the 3D characteristic tsunami amplitude, and we quantify this impact. We demonstrate that slumps may be more efficient tsunami sources than slides and solve an apparent paradox in the slump center of mass motion, whereby the distance traveled is proportional to the shear strength. The distance traveled is instead expressed as a departure of shear strength from proportional to overburden. For rapid SMF tsunami source estimate, we propose an analytical expression for the 3D tsunami elevation, a function of characteristic tsunami amplitude and wavelength.
Case studies of four potential SMF tsunami events show that our simple analyses can describe many tsunami features and in some cases can reproduce important eyewitness accounts. We find that such simple estimates agree quite well with the more detailed results of Watts et al. ͑2003b͒, which we consider to validate the much simpler approach presented here. We conclude that the characteristic tsunami amplitude is also a reasonable estimate of maximum runup in a 3D geometry and, therefore, propose the correspondence principle as an extension of the case studies presented here. We surmise that tsunami source ͑or geological event͒ characterization, i.e., definition of the relevant marine geology data, is the most critical research activity for tsunamis caused by SMF. We expect more accurate versions of our analyses and tools to appear as research progresses.
We finally point out that our predictive equations have been used in other tsunami work, but a full account of their derivation had not yet been given. More specifically, these equations helped identify the most likely tsunami source found during a marine survey ͑Fryer et al. Tappin et al. 1999 Tappin et al. , 2001 Watts 2001͒, provided 
